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THE MARK 101 FLUX COMPRESSION GENERATOR:
DEVELOPMENT PROGRESS*

B. L. Freeman, C. M. Fowler, D. G. Rickel, and M. L. Hodgdon

Los Alamos National Laboratory,
Los Alarms, New Mexico, USA 87545

ABSTRACT

The Mark 101 explosive flux compression generator is a line-initiated, helical generator
that offers the possibility of a theoretical dL/dt ~ 0.5 fl. The design and “initial tests
were reported by Fowler, et al. 1 and Freeman, et ala Subsequent to the early results,
which demonstrated current gains of only al .2:1, the generator design was modified
and now iucludea a low-density foam staging layer between the PBX 9501 explosive and
the aluminum armature and a vinyl coating on the stator w“mding. This redesigned
Mark 101 has an init.hd working inductance of 5.36 AH and a load inductance of
0,60 PH. The lcmdeas current gain of this unit is 9.9:1, and the estimated practical gain
is N5,5. Experiments have been performed using SF6 and vacuum as the insulating
]nedia between the armature and stator. Meaaured current gains of N5.0: 1 have been
achieved. The maximum measured dI/d~ of N1.2 x 1011 ~mps sec and V of *62 kV

dwere significantly less than expected during high-current tests. owever, a case motion
experiment has shown that the armature is probably disintegrating during the last
few microseconds of the armature run. Thus, the configuration of the staging layer
between the explosive and the armature haa been the Rubject of study. The results of
the generator teats are presented,

1NTRCIDUCTION

The theoretical promise of the. Mark 101 flux compression generator, as reported
by I%wler et al.,~ is to provide a device that is capable of delivering a dL/dt >0.5 {1
and roltages of the order of 0.s MV. However, the experimental results at that timez
were not very encouraging, ttince curzent gains of only 1.2:1 had been achieved, How-
ever, given adggestions from several sources, 81416the Mark 101 FCG (flux compression
generator) was modified to use a low-density foam staging layer between the explosiw:
and the armature to reduce the fimt shock on the armature. Also, the bare copper
stator winding was coated with vinyl to further reduce the pvusibility of premature
shorting in the generator volume, The modification of the armature diatncter, to ac-
commodate the 1,27-cm-thick staging layer, and a reduction to a 4 .Ivirc, 7,5-turtl stator
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geometry from the earlier 8-turn configuration resulted in a generator inductance of
-5.36 AH. Also, the passiwe inductive load was lengthened slightly to permit a more
robust current connection, so its inductance is ~0.60 PH. Figure 1. illustrates the cur-
rent physical configuration. Thus, the ideal Mark 101 current gain is 9.9:1. However,
one must note that since this a simultaneously-initiated FCG, the magnetic dithsion
losses are not limited by utilizing an ever smaller fraction of the conductors through
the run of this generator. Therefore, our best theoretical estimate of the current gain
for the Mark 101 is -5.5:1.

EXPERIMENTAL TESTS

A total of four experimental tests have been performed with the Mark 101 in
the newer configuration. The major differences from the earlier tests2 are that the
armature inner diameter is 22.86 cm rather than 20.32 cm, a 1.27-cm-thick, O.I-g/cms
polyurethane foam staging layer has been placed between the explosive and the arma-
ture, the stator winding has been vinyl coated to prevent premature shorting to the
armature, and the 4-wire, 8-turn stator has been changed to a 4-wire, 7.5-turn con-
figuration to add geometrical stability during assembly. Also, three of the four tats
utilized SF6 at ambient pressure as an insulating environment, rather than vacuum.
One low-current test was performed with SF6, and one used a vacuum of 5 x 10–s torr.
Both “high’’-current experiments utilized Sk’e. One of these had a stator fabricated
with hard-drawn copper wire, and the other had completely annealed copper wire, to
examine the possibility of stator wire breakage.

A total of eight diagnostic probea were used on each experiment. A Rogowsky
loop was located at the cable input to the FCG, and a second loop was positioned
around the central, current-carrying rod of the inductive load. Each of the four upper
attachment stubs for the stator had a Rogowsky loop around it to merumre the current
through the four wires that comprised the stator winding. Unfortunatdy, there ia some
indication that a mechanical impulse from these stubs may have prematurely destroyed
some of these current measurements during times of interest. Finally, the generator
voltage an3 the relative ground voltage were measured with resistive dividers.

DISCUSSION OF RESULTS

The inner radius of the statcr is 17.78 cm, and the average outer radius of the
armature is 11.83 cm. Thus, the expansion radius of the armature is 5.95 cm, 6.03 cm
at the input end. Since the explosive is PBX-9501, with a detonation velocit~ of
0.88 cm/~s, the armature will achieve an outward velocity of ~0.45 cnl/pa. Therefore,
the run time of the Mark 101 generator b now -13.4 w to contact the input end of the
stator, where there is a small uncertainty due to the interaction of the foam layer. Since
the armature at the output end of the stator must still expk d another centimeter at a
slightly slower velocity, the total FCG run is -16 PS. Iiowever, with the open geometry
in this area, the burnout in not very sharp, Using a combination of analytical and
computational techniques, an initial current of 100 kA would result in a find current
of --551 kA, or a current gain of S.5:1 aa noted earlier. The maximum dI/dt would bc
-3,3 x 1011 A/me and maximum voltage acroas the load would reach z162 kV. If onc
assumes an initial current of 280 kA, then a final current of -1.57 MA, a maximttm
dl/dt of x9,2 x 10*1 A/see, and a peak load voltage of -46(I kV arc predicted from
the same models. However, in the higher current csse the predicted results should be
somewhat more optimiritic than the low-current cam since diffcrmrm in flux Ioww and
pw+siblc conductor motion arc not taken into account.
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Fig. 1. This drawing of the Mark 101 generator shows the key component,,
including the location of the foam staging layer.

The low-current tent of the M~k 101 that used SF6 waa primed with un initial
current of N 120 kA from L 3000 pF capacitor bank with a 6.3-kV charge voltage. ‘1’hc
loading time and detonator-actuated crowbar-contact time were *222,9 W, b~’t first
armature motion was delayed for ~5.O ~ to provide a clear signal for generator action,
The maximum currel,t produced waa 400 kA, Fig. 2, which represents a current gain

i
of ~5,0:1, A maximum dI/dt of N8,7 x 1010 A mc waa inferred by summing the
four Rogowoky loops. The peak voltage meauure WM -39 kV. Figure 3 shows the
dl/dt and voltage meaaurernents with a magnified time scale, The low-current, vacuum
experiment produced much lower results. The initial current waa N 128 kA, the final
current waa z316 kA, the maximum dI/dt waa z1,2 x 1010 A,/s&., ar,d the peak voltagv
WM -38 kV. Thus, the current gain on this mecond low-current shot was -2.47:1, In
the first tent, one will note that the generator pcrformancc, indicated by d] dt, drops

[ofi about 2,() ~s bcfmc first contact with the statot, whila the vacuum caw, ‘ig, 4, I{)st
performance at +,5 MI relative to the same ewmt.,
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Fig, 2. The current trace for the low-current, SF6 insulated experiment
shows a multiplication of ~5.0:1.

Fig. 3. The voltage and dl/dt tr~ccs for the Iow-current, SF,, itlsulat(~(l
exprrimont s}~ow nmximum values of -39 kV atld -8.7 k 10”) A/s,
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Fig. 4. The dI/dt trace for the low-current, vacuum insulated experiment
shows a maximum value of ~ 1.2 x 1010 A/s. It also emphasizes the signif-
icant reduction in performance relative to the predicted behavior.

The two high-current experiments were identical except that the second stator was
fabr;-,ated using fully-tmnealed copper wire, rather than hard-drawn coppm. The first
of theee tests was “initialised with a current of x300 kA with the 300&KF ca acitor

rbank charged to 16.0 kV. The final current was N1.24 MA, the maximum dI dt was

4
x1.15 x 1011 A s, and the peak voltage was 40 kV. Figures 5 and 6 show these
measurements. he current ga”m was reduced from the low-current tests to z4.15:1.
The second high-current teat, that wsa intended to look for stator breakage problems
in the previous shot, performed almost ide.~tically. The initial current was -380 kA,
the muimum current was x1.58 MA, the peak dI dt was x1.8 x 10J 1 A/see, and

kthe maximum voltage wsa -62 kV, no statistical di erence. These characteristics are
shown in Figs. 7 and 8. The current gain in this unit was N4. 16:1, which, while wem-
ingl y better, is well within the errors of the experiment. in both of these experiments,
a significant drop in dI/dt occurred ~-2.O ps before tlmt stator contact.

While the theoretical current gain performances are, relat ‘vely considered, the
easier parameters to achieve, the compar”ksons are revealing. All three of the SF6 tests
performed reeaonably well with reupcct t~\ net current gain. The best result is the low-
current ehot where 91,% of the calculated current gain wsa messured. Also, both of
the high-current tests achieved current gains of x75% of the theoretical number, even
though the models, as stated earlier, did not take into account the higher skin losses
associated with the higher currents. However, the low-current, vacuum experiment
only achieved a current gain of W4S% of the theoretical prediction during the nominal
generator run. After nominal “burnout ,“ additional current gain was measured. Also,
the performance in the maximum dl/dt in the low-current, SFe shot was reduced by
a factor of --3,8 relative to the theoretical estimate, The two high-current tests did
demonstrate significant differences in this parameter. The hard-drawn copper stator
wan down by a factor of -~7.fi, but the fully annealed ~tator had a maximum dl/dt that
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Fig. 5. The current trace for the high-current, SF6 insulated experiment,
which utilized a hard-drawn copper wire stator, shows a maximum current-.
of -1.24 MA.
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Fig. 6. The voltage and dI/dt trac~ for the high-current,, SFO insulated
experiment which shows maximum values of 40 kV and *1.15 x 10’1 A/s.
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Fig. 7. The current trace for the high-current, SF6 insulated experiment,
which utilized an annealed copper wire stator, shows a maximum value of
-1.58 MA.
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Fig. 8. The voltage and dI/dt traces for the high-current, SF6 insulated
experiment, which utilized an annealed copper wire stator, shows maximum
values of -42 kV and -1.8 x 1011 A/s,



was reduced oniy by a factor of X5.1, very similar to the low-current test. Given the
consistency of the voltage measurements on the low-current and high-current experi-
ments, and their significantly different performances, one is forced to doubt that the
measurement desired is actually being made. For example, a short in the input cables
to a stray ground could compromise thw meamwement. Then, the relative times in the
generator runs when the respective performanc~ were degraded ~-e ~’ery similar for
the three SF6 shots, whil~ the vacuum teat experienced degradation significantly earlier
in time. Finally, a case motion experiment may provide a significant understanding
for the lad of late-time performance in these teats. ‘rh~ test demonstrated that the
integrity of the armature is severly compromised in the last few microseconds of its
expansion.

CONCLUSIONS

Since the last experimental report on the Mark 101 generator, this FCG has
been modified and ~hown to work as a generator. In fact, in one low-current test, a
current gain of ~91c% of the theoretical prediction has been measured. Nevertheless,
in all of the recent series of experiments the performance of the Mark 101 has been
seriously degraded in the last few microseconds of the armature motion. There is
evidence that the staging layer, installed to reduce the strength of the initial breakout
shock on the armature and to reduce rnicrojetting from the aluminum surface, may be
nucleating jetting and causing significant armature breakup later in the expansion of
the aluminum cylinder. If such a hypothesis is correct, then the vacuum performance
would suffer more quickly in time than the SF6 shots. Of course, other explanations are
also conceivable. The voltage measurement inconsistencies represent another question.
To address this issue, the cable feed to the Mark 101 haa been redesigned to place
the input current feed point much closer to the ‘natural ground” of this FCG. Thh
modification has not been tested and awaits a solution to the staging/smoothmg layer
study. The major point is that unlike the first report on the Mark 101 FCG, we
now have a working flux compressor with some remaining questions and problems to
resolve.
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